Accurate measurement of optical extinction of atmospheric aerosols is important for quantifying the direct climate effects of aerosols. A portable cavity ringdown spectrometer utilizing a modulated multimode blue diode laser (linewidth ~0.2 nm) is developed to measure the aerosol optical extinction. Laboratory generated ammonia sulfate particles (<1 μm in diameter) are characterized, with good agreements between the experimental measurements and Mie theory calculations. An optical extinction detection sensitivity of 0.24 Mm −1 (1σ) is achieved. Measurements of ambient aerosols are also carried out. This study demonstrates the feasibility of a compact, multimode diode laser cavity ringdown spectrometer for sensitive measurements of the optical extinction of atmospheric aerosols.
Atmospheric aerosols interact with solar radiation by extinction of light, which includes both scattering and absorption. In general, the atmospheric aerosols absorb weakly that their extinction is mainly due to scattering. The atmospheric aerosols can directly influence the climate by heating up the atmosphere aloft on one hand, and by reducing surface irradiance on the other hand. They can also alter the properties of clouds and thus indirectly influence the climate in the atmosphere [1] .
When a light beam illuminates on aerosol particles, a portion of the light beam is scattered and absorbed by the particles; thereby the intensity of the light beam is attenuated along the optical axis. The intensity of light that traverses the aerosols, I, is given by the Beer's law,
where I 0 is the intensity of incident light, σ e is the aerosol extinction coefficient, and l is the optical path length of the light through the aerosols. For mono-dispersed aerosols of a number density of N particles per unit volume, σ e is given by [2] σ e = εQ e N,
where ε is the geometrical cross section of the aerosol (πd 2 /4 for a spherical particle with a diameter d), and Q e is the particle extinction efficiency. The product of ε and Q e is the extinction cross section of the aerosol particle. For poly-dispersed aerosols, the optical extinction σ e is the sum of the extinction cross section of individual aerosol particle, εQ e . Q e is of theoretical and analytical importance. It is the ratio of the radiation power scattered and absorbed by a particle to the radiation power geometrically incident on the particle. The Q e value depends on the particle refractive index (n) and shape and size relative to the wavelength of light (λ). The dependence on the particle size is expressed in a dimensionless size parameter x, which is the ratio of the particle diameter to the wavelength, λ, of the radiation light,
As the optical extinction includes both scattering and absorption, the extinction efficiency of a particle is the sum of its scattering efficiency Q s and absorption efficiency Q a ,
Correspondingly, for mono-dispersed particles,
where σ s and σ a are the aerosol scattering coefficient and absorption coefficient, respectively. While all aerosol particles scatter light, only those composed of absorbing material would absorb, and this absorption is described by the imaginary part of the refractive index. For non-absorbing particles, Q e = Q s . Scattering from larger spherical particles is explained by the Mie theory for an arbitrary size parameter x. For small size parameter x, the Mie theory reduces to the Rayleigh approximation (for scattering in the regime x < < 1). In the wavelength of visible light regime, for small spherical particles with d < 50 nm, Q s can be calculated using the Rayleigh scattering theory. For larger spherical particles (d > 50 nm), Q s can be obtained by the Mie theory calculations.
Although the optical extinction of atmospheric aerosols has been measured for decades, a better understanding of the aerosol optical properties is still needed. In particular, in situ measurements of the extinction and other optical parameters of atmospheric aerosols are crucial, and these require real-time, accurate, and sensitive techniques that can detect the ambient aerosols and their rapid temporal and spatial changes. Recent years have seen a rapid rise in the use of cavity ringdown spectroscopy (CRDS), a sensitive and direct optical extinction technique, to determine the optical properties of both laboratory generated and atmospheric ambient aerosols [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
CRDS was first developed by O'Keefe and Deacon [18] in 1988 and utilized for spectroscopic measurements of gas species absorption [19] . The CRDS technique measures the rate, rather than the magnitude, of extinction of light in a highly reflective optical cavity that contains the trace sample [20] . The rate of decay of the trapped light is determined by the total cavity loss and sample absorption. The net decay rate as a function of laser wavelength yields the absorption spectrum of the sample. With ~10 4 round trips of the trapped light, a long effective path (~10 km in a 1-m cavity) and thus high sensitivity are achieved. The CRDS technique is absolute, quantitative, and sensitive, and it is ideal for spectroscopic detection of atmospheric trace species. Many atmospheric species, such as NO 2 [21] [22] [23] , NO 3 [24, 25] , SO 2 [26] and peroxy radicals [27] , have been measured by CRDS.
Sappey et al. [3] and Smith and Atkinson [4] were among the first research groups to apply CRDS in aerosol extinction measurements and quantify the extinction of the ambient atmospheric particles. Many more studies have been subsequently carried out to measure the optical extinction of aerosol particles using CRDS [6] [7] [8] [9] [10] . Most of these pervious works were based on using either a pulsed YAG laser, which is relatively bulky and limited to only 355, 532 or 1064 nm laser radiation [12] [13] [14] , or a pulsed tunable dye laser, which is cumbersome and not suitable for field study [15] . The cw-CRDS using narrow linewidth diode laser in visible (690 nm) [16] and near-IR (1550 and 1650 nm) [16, 17] was also utilized for the aerosol extinction measurements. However, these setups required complex electronics to control the optical cavity length and to modulate the diode laser output in order to couple the cw diode laser radiation into the cavity. Only recently, an instrument utilizing multimode diode lasers was reported by Langridge et al. [28] .
In this paper, a dual-channel multimode diode laser CRDS system is described for measurements of aerosol optical extinction. The utilization of the multimode, broadband diode laser (linewidth ~0.2 nm) allows for a simple on-axis injection of the laser radiation into the cavity, while it still has a high spectral resolution for studying the aerosol optical properties. The multimode diode laser is inexpensive and compact, suitable for portable instruments. Furthermore, the increasing availability of the diode lasers at various wavelengths will allow simultaneous multiple wavelength measurements of the optical properties of aerosols, which can help determine the dispersion in the refractive index with high accuracy. The dual-channel setup can monitor both background gas (with the aerosols removed by a particle filter) and background gas plus aerosols, allowing accurate determination of the aerosol contribution in ambient measurements. This proof-of-principle work demonstrates the utilization of the multimode diode laser in a simple, inexpensive, and portable CRDS instrument for both laboratory and field studies of aerosols.
Experimental

The CRDS system
In a typical CRDS setup, laser pulses are injected and trapped in an optical cavity composed of two high-quality mirrors (with typical reflectivity R > 99.9%). In an empty cavity, the intensity of the trapped laser pulses decreases by a small percentage in each round trip due to mirror loss, decaying as an exponential function of time (with a decay time constant or ringdown time τ 0 ). When an extinction aerosol sample is present in the cavity, its scattering and absorption increase the loss, which can be determined from comparing the empty cavity ringdown time (τ 0 ) and the one with the analyte (τ) [18, 20] :
where L is the cavity length, l s is the sample path length, and c is the speed of light. CRDS has the advantage of being insensitive to the fluctuation in laser intensity. It is a rapid, real-time technique, with individual ringdown events on the millisecond time scale. Another advantage is that the extinction aerosols can be removed from the air sample stream using a filter, and it is possible to obtain the optical extinction measurements without any calibration. In this work, a small blue diode laser was incorporated as the light source in a portable dual-channel CRDS spectrometer ( Figure 1 ). The optical output from the diode laser (Sharp, 20 mW, multimode, 408.5 nm, ~0.2 nm FWHM linewidth) was amplitude modulated on and off with a rectangular-wave voltage signal at a repetition rate of 2 kHz and a duty cycle of 50%. The rising and fall time of the rectangular wave (and the corresponding rising time of the laser emission) is ~0.8 s, which is negligible to the measured ring-down time (~18 s). With a beamsplitter and two turning mirrors, the laser beams were injected into two ringdown cavities.
Since the diode laser was multimode and broadband, the laser radiation can be directly coupled into and built up in the cavity, without any requirements for active matching of the laser modes to the resonant frequencies of the cavity or a scheme to increase the cavity mode density [23] . When the laser output was modulated off, the light intensity in the cavity decayed exponentially, providing the ringdown time measurements. The aerosol optical extinction can be obtained from the time constants with (τ) and without (τ 0 ) the aerosols present in the cavity using eq. (6). Two CRDS channels were used in the spectrometer: a reference channel monitored the gas-phase background (with the aerosols removed by a filter), and a sample channel measured the background plus the optical extinction of the particles. The difference between these two channels gave the aerosol optical extinction. This approach is particularly useful for the ambient measurements, in which the gas-phase background can be monitored and removed in real time, providing Figure 1 (Color online) Schematic diagram of the dual channel diode CRDS instrument for laboratory aerosol optical extinction measurements. FM, flow meter; DMA, differential mobility analyzer; CPC, condensation particle counter. enhanced sensitivity and time resolution. To demonstrate this approach, the diode laser was chosen at the near-UV wavelength 408.5 nm where the ambient NO 2 absorbs [21] . For multiple wavelength measurements, diode lasers can also be selected to avoid or minimize the gas phase background.
Both cavity ringdown cells consisted of a pair of highreflectivity mirrors (Los Gatos, R  99.98%, 2.54 cm diameter, 1.0 m radius of curvature) separated at 86 cm. The ringdown time constant was measured as ~18 μs at 408.5 nm. The mirrors were mounted on the home-made mirror mounts with purge volumes at both ends of the cell; the mirror mounts were connected to a 66 cm long glass tube (2.54 cm O.D.) through which the sample air flowed. The total cavity length L includes the sample path length l s and the lengths of the purge volumes. It has been shown in a previous study that the ratio of L over l s was independent of flow rate and in agreement with the measured physical dimensions of the cells [24] . Therefore, the cavity length L = 86 cm and sample path length l s = 66 cm were used in eq. (6) without further calibration.
Tank air (Airgas) was used as zero air in this setup for both purge gas and aerosol carrier gas. Small purge flows (25 mL/min zero air for each mirror) were introduced directly to the purge volumes in front of the mirrors for maintaining mirror cleanliness. Pressure and temperature were monitored independently for each cell. The light transmitted through the end mirror of each cavity was projected onto a photomultiplier tube module (Hamamatsu, H5783). Ringdown transients at a repetition rate of 2 kHz were acquired with a PCI-based transient digitizer (Adlink, PCI-9846H/ 512, 16 bits, 40 MHz). The 2000 ring-down traces were coadded and fit to a single exponential in every second. The data were collected and analyzed with a program written in house using the Adlink software development kit and the National Instruments Labview program.
Laboratory aerosol generation and monitoring
The laboratory aerosols used in this work were well characterized (NH 4 ) 2 SO 4 particles, which have no absorption in the visible region. The (NH 4 ) 2 SO 4 particles were generated by atomization of the (NH 4 ) 2 SO 4 solution in distilled water using a homemade atomizer. The aerosol size distribution was varied by changing the concentration of the (NH 4 ) 2 SO 4 solution. Figure 1 shows the schematic diagram of the aerosol optical extinction measurements. The atomized aerosols were first dried by passing through a silicone gel dryer (10 cm dia., 75 cm long) in the atomizer. The dried particles then flowed through a commercial differential mobility analyzer (DMA) (TSI, Model 3080) for selection in a nearly mono-dispersed size distribution. The size-selected aerosols had diameters ranging from 50 to 500 nm controlled by choosing the different voltages of DMA. The expected DMA distribution can be calculated using the width of the non-diffusive transfer function determined by Knutson and Whitby [29] . The actual transfer function of the DMA could be slightly wider due to particle diffusion, but that is neglected here [30] .
The zero air sample containing the size-selected aerosols was drawn into the sample CRDS channel at a flow rate of 0.5 L/min for the aerosol optical extinction measurements, while the reference CRDS cell was under zero air gas flow (0.5 L/min) for background reference. A condensation particle counter (CPC) (TSI, Model 3772) was used to measure the particle concentration exiting the sample CRDS cell. The CPC detected particles from 10 to 1000 nm diameter. After the CPC, a pump was used to draw the sample at a flow rate of 0.5 L/min.
Ambient measurements
Ambient measurements were carried out for proof of principle in this work. A sampling inlet was positioned outside of the laboratory window. The ambient air sample from the common inlet was divided into the two CRDS cells. The sampling flow rate was maintained at 1.0 L/min for each cell.
A 0.45 m Teflon particle filter was installed in front of the reference channel to remove the particles in the ambient air stream, and the background level (mainly from ambient NO 2 ) [21] was obtained from the reference cell. The 0.45 Teflon filter has been demonstrated to efficiently remove all the particles in ambient air sample [21] . Meanwhile, the sample channel measured the background level plus the optical extinction of the particles. The difference between these two channels was the aerosol optical extinction. The aerosol sample exiting from the sample channel was also analyzed for its size distribution using the commercial scanning mobility particle sizer (SMPS), which is a built-in application combining the DMA and CPC.
Extinction efficiency calculations
The aerosol extinction efficiencies (Q e ) were calculated using the program MiePlot v4.1 (www.philiplaven.com) in this paper. This program is based on calculations and simulations using the Mie theory and Debye series. The program can compute the scattering intensity as a function of the scattering angle, wavelength, and radius and refractive index of the aerosols. It can produce the extinction cross sections and extinction efficiencies as functions of radius of the scattering sphere, size parameter and wavelength.
Results and discussion
Comparison between the Mie theory calculations and the CRDS measurements
The optical extinctions of the (NH 4 ) 2 SO 4 particles were measured at 408.5 nm using CRDS and are compared with the predictions by the Mie theory. The optical extinction cross sections for aerosols of sizes between 50 to 500 nm are obtained. For example, Figure 2 shows sample data of experimentally measured extinction coefficients as a function of aerosol number density for the (NH 4 ) 2 SO 4 aerosols of sizes of 310 and 500 nm. The experimental data points are fitted with linear least-squares fitting. The slope represents the optical extinction cross sections (the product of ε and Q e , eq. (2)). The Mie extinction cross sections are calculated using the refractory index of (NH 4 ) 2 SO 4 , which is 1.53 + 0.00i near 400 nm at room temperature [31] . For several aerosols of sizes between 50 to 500 nm, through the same analysis process, the extinction cross sections from the Mie theory and the CRDS measurements are summarized and compared for different aerosol sizes in Figure 3 . In Figure 3 the Mie theory values are calculated using the selected aerosol sized set by DMA, counted by CPC and derived by eq. (2), while the experimental values points are derived using the CRDS measurements and eq. (6). As shown in Figure 3 , these two sets of extinction cross sections are in good agreement within 5% for aerosols ranging from 50 to 500 nm in diameter.
The experimental Q e values of mono-dispersed spherical aerosols can be derived from the measured extinction cross sections in Figure 3 (eq. (6) ). For spherical aerosols of diameter between 50 and 650 nm, the Q e values are calculated numerically using the Mie theory with the program MiePlot v4.1. Figure 4 shows the Q e values of non-absorbing spherical (NH 4 ) 2 SO 4 aerosols (n = 1.53 at  = 408.5 nm) calculated from the Mie theory as a function of size parameter x with a resolution of x = 0.1. The extinction efficiency initially increases with the size parameter and reaches a maximum value of ~4 near x = 4. There is a good correlation between the calculated and measured extinction efficiency values. The small difference between the calculations and measurements could be attributed to the actual shapes of the aerosol particles in the sample stream, which may not be completely spherical as assumed in the Mie theory calculations, or loss of the aerosols along the gas line before entering the CPC [15] , even though the loss was limited by using a copper tubing.
Ambient measurements
As a test of the CRDS system, ambient measurements of optical extinction of aerosols were carried out in January 2011. The sample point was located outside of our laboratory building at the University of California, Riverside. The ambient air samples were drawn into a copper tubing through a hole in the windowsill of the laboratory and were then introduced into the CRDS cells. The copper tubing was used to limit the wall loss of the aerosol particles when sampled from the ambient air. The CRDS measurements were taken every 2 s in which 4000 ring-down traces were co-added. τ 0 was obtained using zero air in both channels. In front of the reference channel, a 0.45 m Teflon particle filter was used to remove the particles in the ambient air sample. Another filter of the same type was used as an option in the sample channel when comparing the response of CRDS with and without the optical extinction of aerosols. It was assumed that the filter did not affect the composition of the air. The pressure drop over the filter was negligible. Since the Rayleigh scattering from small particles (d < 50 nm) and gas molecules are negligible when compared to the light loss from large aerosol scattering (d > 50 nm) and NO 2 absorption (here at 405.8 nm), no corrections were made for changes in the Rayleigh scattering. The sensitivity of the CRDS system was calculated based on the zero air baseline noise. At an integration time of 10 s, both channels can achieve the standard deviation precision of 0.24 Mm −1 (1σ). This detection limit is similar to those achieved in other CRDS instruments using pulsed lasers and modulated diode lasers [3, 8, 9, 28] . The ambient measurement signals, however, were noisier due to the fluctuations from wind, temperature, pressure (not maintained at a constant in our setup), etc.
The size distribution of the aerosol sample monitored in the CRDS system was obtained by SMPS after CRDS (shown in Figure 5 ). The sampled ambient air had no aerosols larger than 300 nm, either because of the clean ambient air in the winter and/or the loss of aerosols along the sampling line. Since under the current condition it is not possible to obtain all the parameters of the ambient aerosols, such as their refractive index and shapes, it is difficult to accurately calculate the aerosol optical extinction from the Mie theory. If the ambient aerosols are assumed to be spherical and mainly composed of secondary organic aerosols (whose refractive index is in the range of 1.37-1.53 [32, 33] ), the total optical extinction can be estimated from the Mie theory by integrating all the aerosol optical extinction. The optical extinction coefficient for the aerosols shown in Figure  5 is estimated to be in the range of 1.6 to 2.8 × 10 −7 cm −1 . Figure 6 describes the CRDS measurement for ambient aerosol optical extinction coefficient from both the sample and reference channels. The reference channel sampled the ambient air with the particle filter removing all the aerosols, while the sample channel was tested with and without the particle filter. The gas phase species that absorbs significantly at 408.5 nm is NO 2 . The ambient NO 2 was partially removed by the copper tubing, which was about 13 parts per billion (ppb) when reaching the CRDS cells, and was treated as the background (shown in the reference channel). The total extinction from NO 2 plus aerosols was measured in the sample channel, and when the particle filter was in place there was a drop of the extinction coefficient of ~1.3 × 10 −7 cm −1 from the ambient level, indicating removal of the contribution from the aerosol optical extinction. Furthermore, when the filter was in place in the sample channel, the signals from the sample channel and the reference channel were in agreement, indicating proper background measurements in the reference channel. The dual-channel approach Figure 6 (Color online) CRDS measurement for ambient aerosol optical extinction coefficient in both the sample and reference channels. The system started with zero air for the baseline. At 16:10, the system drew in the ambient air; the sum of NO 2 signal and aerosol optical extinction was obtained in the sample channel, while the reference channel monitored the NO 2 background. The ambient NO 2 was partially removed by the copper tubing, which was about 13 ppb when reaching the CRDS cells, and was treated as the background (shown in the reference channel). At 16:17, a particle filter was installed in the sample channel to remove the aerosols, and the background NO 2 level was measured in both channels. At 16:29, the total signal was recovered by removing the filter in the sample channel. At 16:35, the sampling was stopped and the zero air baseline level was obtained again. allows for continuous monitoring of the background and background plus aerosol extinction and thus real time removal of the background interference. Although the CRDS measurement (~1.3 × 10 −7 cm −1 ) and the calculated optical extinction coefficient (~1.6 × 10 −7 to 2.8 × 10 −7 cm −1 ) differ by a factor of up to 2, this discrepancy could be due to the unknown properties of the ambient aerosols discussed before.
Conclusion
In this study, a broadband blue diode laser is used as the light source for direct coupling into the CRDS cells. The instrument is simple, inexpensive, and portable. The well-characterized laboratory generated (NH 4 ) 2 SO 4 aerosols with different sizes in 50-500 nm are tested using the CRDS system, and the results are compared with the Mie theory calculations. Good agreement in Q e within 5% is found. A dual-channel approach is applied for continuous monitoring of the background and background plus aerosol extinction signals, which allows for real time removal of background interferences. The sensitivity of the instrument can reach as low as 0.24 Mm −1 (1σ), which is suitable for the field study and ambient measurement.
Although only one diode laser wavelength is demonstrated in this proof-of-principle work, multiple wavelengths can be readily incorporated by simply replacing or adding other diode light sources. With the development of different types of diode lasers, using multiple wavelength light sources for aerosol optical extinction is possible. Measurements at multiple wavelengths can further provide information of the refractive index using the fitting of the extinction data. It can also provide an estimation of the single scattering albedo, which provides information on the extinction of light, including both scattering and absorption [34] .
